The purpose of this study was to investigate the molecular mechanism underlying oxidative and inflammatory neuronal cell death induced by endosulfan, a pesticide belonging to the chemical family of organochlorines. The cortical and hippocampal tissues derived from Sprague-Dawley (SD) rats treated with endosulfan exhibited increased intracellular accumulation of reactive oxygen species and oxidative damages to cellular macromolecules such as depletion of glutathione, lipid peroxidation, and protein carbonylation. Conversely, the expression of antioxidant enzymes including γ-glutamylcysteine ligase (GCL), superoxide dismutase (SOD), and heme oxygenase-1 (HO-1) was markedly reduced in the brain tissues exposed to endosulfan. Moreover, during endosulfan-induced neuronal cell death, mRNA expression of pro-inflammatory cytokines such as tumour necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) was elevated, which seemed to be mediated by the activation of nuclear factor-kappa B (NF-κB) by phosphorylation of p65 subunit. These results suggest a new molecular mechanism underlying the endosulfan-induced acute neurotoxicity via induction of oxidative stress and pro-inflammatory responses.
convulsion-related brain damages and free radical-mediated responses have been reported to play an important role in this process (6) . Cyclodiene insecticides strongly inhibit sodium-potassium ATPase and calcium-magnesium ATPase, which are essential for calcium transport through the cell membrane. As a result, intracellular calcium is accumulated and calcium-induced neurotransmitters are liberated to transmit excitations in the CNS. In addition, other organochlorine pesticides have been reported to cause neurotoxicity by oxidative stress (7) (8) (9) (10) (11) , mitochondrial dysfunction, protein aggregation, and apoptosis (7) .
Oxidative stress and damages develop when balance between the generation of reactive oxygen species (ROS), which are spontaneously produced during the in vivo metabolic process, and the antioxidant defence system to defend against them collapses to a pro-oxidant state. The imbalance between ROS formation and antioxidant capacity occurs in various physiological and pathological conditions such as inflammation, aging, cancer, drug-induced toxicity, and drug addiction (12) . Although the neurotoxic mechanism of endosulfan is not yet fully understood, except for its GABA antagonistic and ATPase-inhibiting functions, the study outcomes of organochlorine pesticides from in vitro cell cultures (13, 14) and in vivo animal models (15) imply that the oxidative damages may play an important role in the acute neurotoxicity of endosulfan. Therefore, in this study the neurotoxic mechanism of endosulfan was investigated focusing on the oxidative stress by analysing ROS levels, antioxidant defence capacity, and oxidative damages to critical macromolecules such as proteins and lipids.
MATERIALS AND METHODS

Materials
Endosulfan (C 9 H 6 Cl 6 O 3 S, α+β=2+1) was purchased from Sigma, Inc. (St. Louis, MO, USA) upon the approval of the Daegu Regional Environmental Office (Daegu, Korea).
Experimental animals
All animal experiments were conducted in accordance with the NIH guideline and Care and Use of Laboratory of Animals of the Daegu Haany University. Eight-week old male Sprague-Dawley rats (SD rats) with a body weight of 250-270 g were obtained from Hyochang Science, Inc. (Daegu, Korea) and were adapted for two days before their use. They were maintained at 22-24°C temperature, 40-60 % humidity, and a 12-hour day and night lighting cycle. SD rats were divided into five groups, orally administered increasing doses of endosulfan (0, 5, 10, 25, and 50 mg kg -1 dissolved in corn oil, n=6), and general behaviour changes as well as survival were monitored up to 24 hours. Particularly, a neurotoxic sign of status epilepticus with prolonged or repeated seizures was defined when the active part of a tonic-clonic seizure lasted for 5 min or longer; a second seizure occurred without recovering from the first one; or repeated seizures were those that lasted for at least 30 min. As endosulfan-treated SD rats (less than 20 %) started to experience status epilepticus at a dose of 25 mg kg -1 and did not survive at higher doses (≥ 50 mg kg -1 ) until 24 h, 25 mg kg -1 was selected for additional mechanistic studies (0 and 25 mg kg -1 , n=6). For the time-dependent molecular analysis (0, 0.5, 1, 2.5, and 5 h), another set of SD rats was divided into five groups (n = 3) and endosulfan (25 mg kg -1 ) was given orally.
Western blot analysis
The experimental animals were anesthetised by intraperitoneal injection of Zoletil ® (30 mg kg -1 , Virbac, France) with Roumpun ® (10 mg kg -1 , Bayer, Germany) and sacrificed by decapitation. The tissues from cerebral cortex, hippocampus, midbrain, and cerebellum were excised and homogenised using the radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling Technology, MA, USA) containing protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). After centrifugation (15,000 g, 20 min), supernatants were used for the experiments and protein concentrations were quantified by bicinchroninic acid (BCA) reagents (Thermo Scientific, IL, USA). Electrophoresis (180 V, 2 h) was performed using 50 μg of protein at 12 % SDS-PAGE and proteins were transferred (300 mA, 3 h) to the polyvinylidene difluoride (PVDF) membrane. The PVDF membrane was incubated with 5 % skim milk in phosphate buffered saline plus 0.1 % Tween-20 (PBST) for an hour to exclude non-specific bands and then further treated with primary antibody diluted with 1:500 and 1:1000 ratio (2 % skim milk in PBS) at 4 °C overnight. The membrane was washed three times with the PBST solution and reacted with a secondary antibody in 3 % skim milk PBS at room temperature for an hour. After washing three more times with the PBST solution for 10 min each, the enhanced chemiluminescence (ECL) reagent (Amersham Bioscience, NJ, USA) was added to measure the protein expression levels. The band intensity was obtained using an image analyser (Chemiluminescent Immunoblotting Imaging, UVP, USA).
Dichlorodihydrofluorescein-diacetate (DCF-DA) staining
To measure intracellular ROS, the experimental animals were sacrificed and brain tissues were excised. Ice-cold phosphate buffer solution (20 mM, pH 7.4) was added to homogenise the samples using a homogeniser, after which centrifugation was conducted at 12,000 g for 30 min to collect the supernatant. Samples from each brain area (100 µL) were mixed with 10 µL of 50 mM 2',7'-DCF-DA (Invitrogen, CA, USA) and incubated for 10 min at room temperature. The fluorescent intensity was measured using Molecular Device's Gemini XS fluorometer with an excitation at the 485 nm and emission at the 585 nm wavelengths.
Measurement of endogenous antioxidant glutathione (GSH)
The intracellular GSH amount in the brain tissues was measured using the ApoGSH Glutathione Colorimetric Detection Kit (BioVision, CA, USA). After the experimental animals were anaesthetised by intraperitoneal injection of Zoletil ® (30 mg kg -1 ) with Roumpun ® (10 mg kg -1 ) and sacrificed by decapitation, the brain tissues were excised and homogenised with ice-cold 20 mM phosphate buffer solution, and then centrifuged at 12,000 g for 30 min. Reaction mixtures with 20 μL NADPH generation mixture, 20 μL glutathione reductase, and 120 μl glutathione reaction buffer were prepared and kept at room temperature for 10 min. Samples (20 μL) were then added and incubated at room temperature for additional 10 min. Afterwards, 20 μL of the substrate solution was added and reacted at room temperature for five minutes. The optical intensity was measured at 405 nm using a microplate reader (EMax ® , Molecular Device).
Reverse transcriptase-polymerase chain reaction (RT-PCR)
To separate mRNA, TRIzol ® (Bioscience Technology, NJ, USA) was added on the excised brain tissues and homogenised using a homogeniser. The homogenate samples were then mixed with chloroform and centrifuged at 12,000 g for 15 min to separate the supernatant that contains mRNA. mRNA was precipitated with isopropyl alcohol, washed with 75 % ethanol, dried, and dissolved in RNase-free deionised distilled water. mRNA was further converted to cDNA using M-MLV reverse transcriptase (Promega, WI, USA). The amount of cDNA was amplified through the PCR reaction to compare the relative expression levels using specific DNA sequence primers ( Table 1 ). The reaction mixtures were subject to electrophoresis using 1.5 % agarose gel, stained with ethidium bromide (EtBr), and visualised under UV lamp-equipped GelDoc System (TCP-20.M, Vilber Lourmat, France).
Measurement of malonedialdehyde (MDA) formation
MDA levels were measured using the BIOXYTECH LPO-586 Colorimetric Kit (Oxis Research, OR, USA). After the experimental animals were anaesthetised by intraperitoneal injection of Zoletil ® (30 mg kg -1 ) with Roumpun ® (10 mg kg -1 ) and sacrificed by decapitation, the brain tissues were excised and homogenised with ice-cold 20 mM sodium phosphate buffer solution, and then centrifuged at 12,000 g for 30 min. The 200 μL supernatant was added into the polypropylene tube and mixed with 650 μl of the R1 reagent (N-methyl-2-phenylindole in acetonitrile) by vortex. R2 reagent (150 μl), methanesulfonic acid, was then added to the reaction mixture and incubated at 45°C for 60 min. After centrifugation at 15,000 g for 10 min, the supernatant was collected and the absorbance at 540 nm was monitored using a microplate reader.
Measurement of protein carbonylation
To measure protein carbonylation, OxyBlot Protein Oxidation Detection Kit (Milipore, MA, USA) was used. After the experimental animals were anaesthetised by intraperitoneal injection of Zoletil ® (30 mg kg -1 ) with Roumpun ® (10 mg kg -1 ) and sacrificed by decapitation to excise the brain tissues, RIPA buffer was added to extract protein samples. After homogenisation and centrifugation (12,000 g, 30 min), 15 μL of the supernatant was collected and incubated with 5 μL of 12 % SDS and 10 μL of 2,4-dintrophenyl hydrazine (DNPH) at room temperature for 15 min. Thereafter, 7.5 μL of a neutralisation reagent and 20 μL of a buffer solution were then added and reaction mixtures were electrophoresed at room temperature for an hour using 10 % SDS-PAGE. Protein samples were further transferred to PVDF membrane, which was then incubated with 1 % BSA in PBST solution for an hour to reduce nonspecific bindings. The primary antibody was added and left to react at room temperature for an hour and the membrane was washed two times with PBST for 15 min each. The second antibody was reacted at room temperature for an hour, after which was washed again with PBST two times for 15 min each. The membrane was developed using the ECL reagent and images were taken by an image analyser (Chemiluminescent Immunoblotting Imaging).
Statistical analysis
SPSS Version 16.0 (IBM Co., NY, USA) was used for the statistical processing of the study results. To evaluate the statistical significance of the data between two groups with or without endosulfan administration in each brain region of the cerebral cortex, hippocampus, midbrain, and cerebellum, Student t-test was performed. The data were regarded as statistically significant when p value was less than 0.05.
RESULTS
Endosulfan-induced neuronal cell death and formation of ROS
To evaluate neurotoxicity induced by endosulfan, SD rats were orally administered endosulfan at various doses (0, 5, 10, 25, and 50 mg kg -1 ) and observed at different time points up to 24 hours. Five hours after the administration of 25 mg kg -1 or higher doses, status epilepticus responses were observed and at 50 mg kg -1 rats did not survive. To investigate the type of neuronal cell damage and death, DNA fragmentation, which is a representative index of apoptosis, was measured by in situ TUNEL staining. In the experiment group to which 25 mg kg -1 of endosulfan was administered, the number of cells with positive TUNEL staining increased compared with the vehicle-treated control group (data not shown).
To elucidate the molecular mechanisms of neuronal cell death induced by endosulfan, the formation of ROS in brain tissues was examined using the DCF-DA fluorescent dye. After the oral administration of 25 mg kg -1 endosulfan, DCF-DA fluorescence intensity increased to 139.5±1.85 %, 154.8±3.79 %, and 113.01±1.64 % in the cerebral cortex, hippocampus, and cerebellum, respectively when compared with the vehicle-treated control group (Figure 1) , which suggests the generation of ROS in the brain by oral administration of endosulfan.
Endosulfan-induced depletion of reduced form of GSH
To further investigate the oxidative damages caused by endosulfan treatment, the endogenous antioxidant GSH levels were examined. When 25 mg kg -1 of endosulfan was orally administered, the amount of GSH in the cerebral cortex and hippocampus decreased to 82.3±3.11 % and 77.7±2.45 %, respectively compared with the vehicletreated control group (Figure 2A) . The endosulfan-induced depletion of GSH seemed to be mediated by the inhibiting protein expression of γ-glutamylcysteine ligase (GCL), a critical enzyme in the rate-determining step of GSH biosynthesis. Endosulfan treatment dose-dependently decreased GCL levels, particularly in the cerebral cortex and hippocampus ( Figure 2B ).
Endosulfan-induced oxidative damages to lipids and proteins
In this study, the MDA and 4-HNE levels were measured as lipid peroxidation indexes. When 25 mg kg -1 of endosulfan was orally administered, MDA formation in the cerebral cortex and the hippocampus increased to 140.72±7.07% and 131.73±9.33%, respectively compared with the vehicle-treated control group ( Figure 3A) . Moreover, the levels of another lipid peroxidation marker, 4-HNE, were up-regulated in the cerebral cortex and hippocampus as assessed by the western blot analysis ( Figure 3B) . In another experiment, we also confirmed that oral administration of endosulfan (25 mg kg -1 ) induced protein oxidation as the protein carbonylation in the cerebral cortex, hippocampus, and cerebellum was evident in the endosulfan-treated group (Figure 4) .
Effect of endosulfan on the expression of antioxidant enzymes
To further verify the effect of endosulfan on the intracellular antioxidant defence system, the mRNA expression levels of superoxide dismutase (SOD) and heme oxygenase-1 (HO-1), which are representative antioxidant enzymes, were measured. In all the areas of brain tissues, the mRNA levels of MnSOD were not much altered by endosulfan treatment; however, the mRNA expression of CuZnSOD significantly decreased after the oral intake of 25 mg kg -1 endosulfan ( Figure 5A ). In addition, the measurement of the mRNA expression level of HO-1, which also exhibits antioxidant and anti-inflammatory activities, showed that it decreased in the cerebral cortex and the hippocampus after the endosulfan intake ( Figure 5B ).
Endosulfan-induced pro-inflammatory responses
In another experiment to investigate the inflammatory reactions induced by endosulfan, the mRNA expression of tumour necrosis factor-α (TNF-α) and interleukin-1β (IL-1β), which are representative inflammatory cytokines, was measured. The oral administration of endosulfan (25 mg kg -1 ) increased mRNA levels of TNF-α and IL-1β, particularly in the cerebral cortex and the hippocampus, which was confirmed by RT-PCR ( Figure 6A ). Among various upstream transcription factors involved in the up-regulation of inflammatory cytokines, the phosphorylation levels of p65, a subunit of NF-κB, time-dependently increased in the cerebral cortex and the hippocampus after the oral administration of endosulfan ( Figure 6B ). This seemed to be mediated by the activation of upstream extracellular signal-regulated kinase 1/2 (ERK1/2). The phosphorylation of ERK1/2 showed a similar activation pattern as p65 via phosphorylation ( Figure 6C ).
DISCUSSION
To investigate the acute neurotoxic molecular mechanism of endosulfan, an array of biochemical indexes and signal transduction were examined such as ROS formation, GSH depletion, lipid peroxidation, protein oxidation, and expression of antioxidant enzymes and proinflammatory mediators. According to previous studies, the median lethal dose (LD 50 ) of endosulfan in rats is about 80 mg kg -1 regardless of their gender and age (16) and 30 mg kg -1 is the lowest fatal dose. As a preliminary study to investigate the type of neuronal cell death caused by endosulfan, TUNEL staining was performed. TUNEL staining is a method for detecting apoptotic cell death by combining enzyme-tagged dUTP at the 3'-OH of fragmented DNA into 180-200 bp units by the action of endonuclease activated during the apoptosis process. After the oral intake of endosulfan, brain damages were induced dose-dependently and, particularly, the group that was given the 25 mg kg -1 dose showed a significant increase in the cell numbers with positive TUNEL staining. However, there were fewer TUNEL-positive apoptotic cells at 50 mg kg -1 than at 25 mg kg -1 implying that other types of cell death such as necrosis may be involved in the higher doses of endosulfan-induced neurotoxicity.
Figure 2 Endosulfan-induced depletion of GSH levels A. SD rats were exposed to 25 mg kg -1 endosulfan and glutathione (GSH) levels in the brain tissues were determined using a commercially available ApoGSH glutathione colorimetric detection kit following the procedure described in the Materials and Methods. Data are represented as mean ± S.D. (n=3). Significantly different between two groups
To confirm a possible involvement of ROS in the endosulfan-induced neuronal cell death, the amount of intracellular accumulation of ROS was measured using DCF-DA fluorescent reagent. DCF is not fluorescent out of cells, but it is highly lipid soluble to easily enter into the cells. Then the DCF-DA is hydrolysed by an esterase to form DCFH which reacts with peroxide to form DCF, a fluorescent substance. When 25 mg kg -1 of endosulfan was orally administered, the DCF-DA fluorescence intensity in the cerebral cortex and the hippocampus increased, which confirms the intracellular formation of ROS. ROS excessively formed by exogenous noxious stimuli is known to induce reversible or irreversible oxidative damages to the cellular macromolecules such as genes, proteins, and lipids. The most representative index of these oxidative damages is the depletion of GSH, an intracellular endogenous antioxidant material. GSH is known to have strong reducing power and an important role in the antioxidant defence mechanism. It detoxifies toxic materials from outside, removes oxygen free radicals, and functions as an oxidation-reduction buffer (17) to maintain neuronal redox functions. In the brains of patients with diverse neurological disorders, GSH has been reported to be depleted (17) . In this study, when 25 mg kg -1 of endosulfan was orally administered, the amount of intracellular GSH significantly decreased. Furthermore, this change seemed to be mediated by the down-regulation of GCL, a ratelimiting enzyme in the biosynthesis of GSH.
Besides depletion of GSH, lipid peroxidation is regarded as another indicative marker of oxidative stress. ROS attack lipids that consist of cell membranes highly reactive to continuous oxidation reactions. Unsaturated lipids in the membrane have multiple double bonds, which are vulnerable to oxidative damages. The lipid hydroperoxyl radicals take hydrogen atoms from the double bond of the nearby unsaturated lipid to make them alkyl radicals, which then combine with oxygen to form new hydrogen peroxide radicals, otherwise known as a chain oxidation reaction (18) . At this moment, various by-products such as unsaturated aldehyde are formed. Their high reactivity makes them function as mutagens that inhibit enzyme activities or form a cross-link with other macromolecules.
We also observed that the oral administration of endosulfan induced lipid peroxidation as measured by the increased formation of MDA and 4-HNE. Furthermore, when highly reactive ROS and proteins interact, protein is oxidised to increase the carbonylation levels. When 25 mg kg -1 of endosulfan was orally administered, an increase in protein carbonylation, a protein oxidation index, was also confirmed. In line with this notion, in the case of hexachlorocyclohexane insecticides, excessive ROS formation, increased oxidative damages, and decreased antioxidant defence capacity have been reported to mediate their toxicity in the liver (19, 20) , testis (21) , and heart (22) . In addition, in cultured immune cells (23) and serum samples from scabies patients (24) , lindane induced ROS generation and/or subsequent oxidative damages. In other Figure 4 Endosulfan-induced oxidative damage to proteins SD rats were exposed to 25 mg kg -1 endosulfan and protein oxidation was measured by comparing protein carbonylation using a commercially available OxyBlot protein oxidation detection kit as described in the Materials and Methods. involved in the rate-determining step of heme degradation process and its reaction products include carbon monoxide, biliverdin, and free ion (Fe 2+ ). The HO-1 levels increase in various types of cells as a defence mechanism against stress such as UV, hydrogen peroxide, hypoxia, and GSH depletion (26, 27) . Carbon monoxide inhibits proinflammatory mediators and inflammatory enzymes by interacting with heme or metal ion moieties of the enzymes to change their structures and activities. Biliverdin is transformed to bilirubin by biliverdin reductase and these two molecules have strong antioxidant functions, thereby mediating cellular protection by HO-1.
In human neuroblastoma SH-SY5Y cells, endosulfan isomers and their major metabolites induced intracellular accumulation of ROS and lipid peroxidation by suppressing activities of antioxidant enzymes (13, 14) . In Wistar albino rats, endosulfan significantly increased the levels of tissue MDA and plasma 8-OHdG, an indicator of oxidative DNA damage, which were effectively restored by a treatment with melatonin (28) . Moreover, the antioxidant GSH contents in the liver and kidney tissues and the antioxidant capacity of the plasma decreased by endosulfan intoxication (28) .
In the neuronal cell death process, these oxidative damages and inflammatory reactions in the glia both play important roles. Various inflammatory cytokines are secreted from the activated glia due to oxidative stress and consequently, neuronal cells respond sensitively to external stimuli. When SD rats were orally administered endosulfan in this study, both the oxidative stress and the mRNA expression of TNF-α and IL-1β increased. To investigate the underlying molecular mechanisms of the aforementioned inflammatory responses, the activation of NF-κB was observed. Cytokine expression is known to be controlled by the activation of NF-κB, which is a representative redoxsensitive transcription factor. The NF-κB activation is affected by the intracellular redox status, external oxidants, and internal antioxidant systems. When NF-κB is activated, diverse biological functions such as the immune and inflammatory reactions, stress, cell proliferation, cell death, and developmental process are mediated (29, 30) . The nonactivated NF-κB stays in the cytoplasm and attaches to the inhibitory protein IκBα. Once IκBα is stimulated, it is phosphorylated and degraded due to κB kinase (IKK). NF-κB then moves into the nucleus, attaches to the κB site, and controls the expression of the inflammation-mediating cytokines, cytokine receptors, cell adhesion molecules, and growth factors (29, 30) .
The activation mechanisms of NF-κB are not yet fully understood, but the IKK activation is known to be mediated by the NF-κB-inducing kinase (NIK), mitogen-activated protein kinase/ERK kinase kinase (MEKK), 90-kDa ribosomal S6 kinase (p90 RSK), atypical protein kinase C (PKC), and transforming growth factor beta-activated kinase 1 (TAK1) (31) . NF-κB consists of the heterodimer of the Rel family proteins [Rel A (p65), Rel B, p50, p52, studies, the chronic use of organochloride insecticide resulted in lipid peroxidation due to deterioration of the antioxidant defence system in the brain (9) (10) (11) .
To counteract oxidative damages, there are various enzymatic and non-enzymatic antioxidant defence systems in the body to remove the excessively formed ROS. The representative antioxidant enzymes include SOD, catalase, and HO-1 (25, 26) . The measurement of the mRNA expression of representative antioxidant enzymes showed that CuZnSOD and HO-1 levels decreased when 25 mg kg -1 of endosulfan was orally administered. SOD is an enzyme that converts superoxide anions to hydrogen peroxide. It has two types such as CuZnSOD and MnSOD with similar functions, however CuZnSOD is mainly found in the cytoplasm and MnSOD is exist in the mitochondria. The catalyst activation varies according to the types of cells and tissues. Hydrogen peroxide is then degraded to water during the GSH redox cycle, in which catalase and glutathione peroxidase (GPx) are involved. HO-1 is an enzyme that is c-Rel, v-Rel, and Rel B]. When the phosphorylation levels of IκBα or p65 increase, the movements of NF-κB into the nucleus are promoted (31) . Upstream kinases such as ERK1/2 and p38 MAPK are known to be involved in the phosphorylation of IκBα and p65. In this study, endosulfan activated NF-κB through the increase in the phosphorylation level of p65, which particularly seemed to be mediated by the activation of ERK1/2. In RAW 264.7 macrophage cells, endosulfan stimulated the production of nitric oxide (NO) and expression of proinflammatory cytokines such as TNF-α, interleukin-1β (IL-1β), and IL-6 via transactivation of NF-κB (32). In addition, organochlorine insecticides such as dieldrin, endosulfan, heptachlor, and lindane activated the Raf, MEK1/2, extracellular-signal-regulated kinases1/2 (ERK1/2), c-Jun, and PKC pathways in HaCaT cells but did not alter the activity of p38 MAPK (1). Particularly, N-acetylcysteine, a representative antioxidant agent significantly reduced the phosphorylation of ERK1/2; nevertheless, Raf and MEK1/2 were not much affected.
CONCLUSION
In summary, endosulfan increased intracellular ROS levels in the cerebral cortex and the hippocampus to deplete endogenous antioxidant GSH, reduced the expression levels of antioxidant defence enzymes such as GCL, SOD, and HO-1, and triggered oxidative damages in lipids and proteins. During these processes, the production of proinflammatory cytokines was stimulated by NF-κB activation and neuronal cells were damaged and underwent apoptosis. This suggests oxidative and/or inflammatory stress plays an important role in endosulfan-induced neurotoxicity in SD rats. However, further studies are needed to elucidate the possible interactions between oxidative and inflammatory responses and key molecular mediators in this process.
